Sporopollenin is a ubiquitous and extremely chemically inert biopolymer that constitutes the outer wall of all land-plant spores and pollen grains 1 . Sporopollenin protects the vulnerable plant gametes against a wide range of environmental assaults, and is considered a prerequisite for the migration of early plants onto land 2 . Despite its importance, the chemical structure of plant sporopollenin has remained elusive 1 . Using a newly developed thioacidolysis degradative method together with state-of-the-art solid-state NMR techniques, we determined the detailed molecular structure of pine sporopollenin. We show that pine sporopollenin is primarily composed of aliphatic-polyketide-derived polyvinyl alcohol units and 7-O-p-coumaroylated C16 aliphatic units, crosslinked through a distinctive dioxane moiety featuring an acetal. Naringenin was also identified as a minor component of pine sporopollenin. This discovery answers the long-standing question about the chemical make-up of plant sporopollenin, laying the foundation for future investigations of sporopollenin biosynthesis and for the design of new biomimetic polymers with desirable inert properties.
. Whereas the principal chemical structures of many plant biopolymers have been elucidated, sporopollenin stands as one of the last and least understood biopolymers regarding its structural composition 1 . While enabling plant spores and pollen to travel long distances and survive hostile conditions, the extreme chemical inertness of sporopollenin has presented a major technical challenge to its full structural elucidation.
Using relatively harsh chemical degradation methods and wholepolymer spectroscopic methods, previous studies have suggested that sporopollenin contains hydroxylated aliphatic and aromatic units (Supplementary Note 1). Extensive genetic studies of plant mutants defective in pollen exine formation have also identified metabolic enzymes that are highly conserved among land plants and apparently involved in sporopollenin biosynthesis 1 . Many of these enzymes exhibit in vitro biochemical specificities that suggest they have functions in fatty acid and polyketide metabolism 1 . However, the exact monomer composition and inter-monomer linkages of sporopollenin are unknown. Consequently, the precise sporopollenin biosynthetic pathway has not been established, even though many of the participating enzymes have been identified.
In this study, we interrogated the sporopollenin polymer structure by exploring new chemical and biophysical methodologies. Unlike most of the other plant biopolymers, sporopollenin is challenging to obtain in large quantities from model plants that are commonly used for laboratory research. We therefore chose to study sporopollenin of the pitch pine Pinus rigida, from which kilogram quantities of pollen can be collected for analysis (Fig. 1a) . Inspired by the recent adoption of high-energy ball-milling to increase lignin solubility in organic solvents 3 , we incorporated ball-milling in an improved protocol 4 for preparing pine sporopollenin (Fig. 1a,b ). Ball-milling of whole pollen grains produced a fine powder that was hydrolysed enzymatically using cellulase cocktails, and washed excessively with series of solvents with increasing polarity. The remaining insoluble residue was lyophilized to yield the total pine sporopollenin.
Structural elucidation of polymers benefits from the development of suitable enzymatic and chemical degradation methods that can provide information about polymer fragments, from which the whole molecular structure can be deduced. To establish a degradative method for sporopollenin, we surveyed a variety of chemical reagents known to depolymerize other biopolymers (Supplementary Note 2). From this survey, several thioacidolysis reagents 5 , namely benzyl mercaptan, n-dodecyl mercaptan and ethanethiol, were found to partially degrade pine sporopollenin under acidic conditions and to yield a number of small-molecular-weight compounds readily detectable by high-performance liquid chromatography coupled in tandem with ultraviolet detection and mass spectrometry (HPLC-UV-MS) ( Supplementary Figs. 1b, 2 and 3) . We further optimized an ethanethiol-based thioacidolysis protocol, and observed that 55 ± 3% (w/w) of the starting pine sporopollenin can be degraded under this condition, suggesting that the remainding residue contains bonds not labile to thioacidolytic cleavage. HPLC-UV-MS analysis of the soluble fraction of the reaction products gave three major and several minor ultraviolet-detectable degradation products (Fig. 1b,c ). These compounds were purified chromatographically, and their structures were determined by a combination of MS/MS, 1 H, 13 C, heteronuclear single quantum coherence (HSQC) and heteronuclear multiple-bond correlation (HMBC) NMR analyses, and further derivatization and degradation experiments as detailed below ( Fig. 1d and Supplementary Figs. 4-11) .
Compound I is the most abundant thioacidolysis product from the soluble fraction, and features a p-coumaroylated 7-OH-C16 aliphatic core flanked by two dithioethyl groups on each end (Fig. 1d) . Compounds II a and II b are chromatographically inseparable and were therefore co-purified as one fraction. Following detailed NMR analysis of the mixture ( Supplementary Figs. 5 and 7) , II a and II b were identified to be related to I, with either the 1-or 16-dithioethyl group of I substituted by a free hydroxy group (Fig. 1d) . We also identified p-coumaric acid (III) and naringenin (VI) as minor thioacidolysis products, suggesting that they exist as covalently linked structural units in pine sporopollenin, with III probably being solely derived from I and II (a+b) through acid hydrolysis (Fig. 1c,d and Supplementary Fig. 8 ). Compounds IV and V are additional minor products, which were verified to be derived from III and I 
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respectively through nucleophilic addition of a thioethyl group to the p-coumarate during the thioacidolysis reaction 5 (Fig. 1c,d and Supplementary Figs. 9 and 10). Based on peak area integration of the HPLC-UV chromatogram, the molar ratio of I to II (a+b) is estimated to be approximately 6-7:1.
To probe the origin of various free hydroxy groups observed in I and II (a+b) before thioacidolysis, we prepared methylated or acetylated total pine sporopollenin samples, respectively, to methylate or acetylate any free hydroxy and carboxy groups that may be present in the sporopollenin polymer. Subsequent thioacidolysis experiments starting with methylated or acetylated sporopollenin produced the corresponding methylated or acetylated I and II (a+b) respectively ( Fig. 2a and Supplementary Figs. 4 , 5 and 12-15) , suggesting that the p-OH group of the p-coumarate moiety of I and II (a+b) and the ω -OH group of II (a+b) exist as free hydroxy groups not engaged in inter-unit coupling in the sporopollenin polymer, and therefore can be readily modified by methylation or acetylation reagent.
The p-coumarate moiety of I and II (a+b) is linked to the C16 aliphatic core through a chiral carbon at the C 7 position. Chiral HPLC analysis of I suggests a predominant enantiomeric configuration (> 97%) ( Supplementary Fig. 16 ). However, the very similar alkyl neighbourhoods flanking each side of this chiral centre make it difficult to determine the absolute configuration of this chiral centre using the conventional Mosher's method 6, 7 . Moreover, circular dichroism measurement of I gave only a baseline spectrum ( Supplementary  Fig. 17 ), whereas the oily nature of I also precluded structural elucidation by conventional X-ray crystallography. We therefore turned to a pair of recently reported chiral labelling reagents, (1R,2R)-(− )-2-(2,3-anthracenedicarboximide) cyclohexane carboxylic acid and (1S,2S)-(+ )-2-(2,3-anthracenedicarboximide) cyclohexane carboxylic acid 8, 9 , and used them as modified Mosher's reagents capable of engaging in long-distance spatial interactions. By reacting I a (saponified I, Supplementary Figs. 18 ) with these two chiral labelling reagents, we generated two corresponding diastereomers (I a -RR and I a -SS) ( Supplementary Figs. 19-21 ). Comparison of their 1 H-NMR spectra led us to unequivocally assign the absolute configuration of C 7 to be S ( Supplementary Fig. 22 ).
Thioacidolysis of β -O-4-linked lignin unit using ethanethiol results in thiolethyl substitutions at the α , β and γ positions of the cleaved monomers via a well-characterized ether-cleavage mechanism 5 ( Supplementary Fig. 23 ). However, the dithioethyl moiety observed at either or both ends of the main sporopollenin thioacidolysis products indicates a different functional group before cleavage. Previous studies of thioacidolysis chemistry using a panel of model compounds showed that reacting aldehyde or acetal with ethanethiol gives dithioethyl derivatives 5 . We then tested whether the dithioethyl moiety of the sporopollenin thioacidolysis products could be derived from aldehyde and/or acetal functional groups present in the sporopollenin polymer. We first performed sporopollenin pretreatment with sodium borohydride (NaBH 4 ), a reagent that reduces aldehydes to the corresponding alcohols and therefore renders them nonreactive to ethanethiol. However, subsequent thioacidolysis was not impacted by NaBH 4 pretreatment (Fig. 2a) , suggesting that the dithioethyl moiety is unlikely to be derived from a free aldehyde. We then employed a newly reported reagent 1,1,3,3-tetramethyldisiloxane (TMDS) with a catalytic amount of Cu(OTf) 2 , or TMDS/Cu(OTf) 2 in short, which was shown to selectively cleave acetals to yield the corresponding ethers 10, 11 ( Supplementary Fig. 24 ). Interestingly, sporopollenin pretreated with TMDS/Cu(OTf) 2 becomes completely inert to ethanethiol degradation (Fig. 2a) , consistent with the hypothesis that sporopollenin contains prevalent thioacidolysis-liable acetals, which are converted to ethers by TMDS/Cu(OTf) 2 pretreatment. To further validate this hypothesis, we conducted thioacidolysis experiments on two acetal-containing model compounds, 1,1-dimethoxydodecane (XIII) and polyvinyl butyral. Both experiments produced degradation products featuring dithioethyl moieties exactly as predicted, reminiscent of those derived from sporopollenin thioacidolysis reactions ( Supplementary Figs. 1a , 25 and 26) . 
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Thioacidolysis of pine sporopollenin consistently yields a residue (R), accounting for 45 ± 3% (w/w) of the starting sporopollenin material. Like sporopollenin, R is recalcitrant to chemical modification, degradation and dissolution by a wide variety of reagents (Supplementary Note 3). Nonetheless, refluxing R with acetic anhydride over 72 h yielded acetylated R (R-Ac), which could be dissolved in dimethylsulfoxide (DMSO) at an appreciable concentration. We surmise that thioacidolytic cleavage of sporopollenin yields free hydroxy groups in R, which are acylated by acetic anhydride to produce R-Ac with a higher solubility in DMSO than R, allowing a set of 1 H, HSQC and HMBC spectra to be recorded and analysed (Supplementary Fig. 27 ). R-Ac resembles polyvinyl acetate, and is composed of polyhydroxylated aliphatic units interlinked through ester bonds, although the exact length of each individual polyhydroxylated aliphatic unit of R could not be determined due to its non-degradable nature.
Magic-angle-spinning (MAS) solid-state NMR (SSNMR) spectroscopy is well suited to the structure determination of insoluble biopolymers such as plant cell walls [12] [13] [14] [15] , sporopollenin 16 and other biomaterials 17, 18 . We measured the 13 C NMR spectra of pine sporopollenin using the multi-cross-polarization experiment 19 , which not only enhances the sensitivity of 13 C in natural abundance spectra (1.1%) but also gives quantitative intensities that reflect the relative number of different types of carbon atom ( Supplementary Fig.  28 and Supplementary Table 1) . At a high magnetic field of 18.8 T, where the spectral resolution is optimal, pine sporopollenin exhibits a 103-ppm 13 C signal indicative of acetal carbons (Fig. 3a) and no intensities in the 200-210-ppm range that would be expected for aldehydes, supporting the hypothesis that I and II (a+b) are derived from thioacidolytic cleavage of acetal linkages but not aldehydes. The SSNMR spectrum of R (Supplementary Fig. 29) shows that thioacidolysis obliterates the 103-ppm acetal 13 C peak, further supporting acetals as the major thioacidolysis-labile linkages in sporopollenin. Supporting the contention that aldehydes are not responsible, NaBH 4 treatment had no impact on the SSNMR spectrum, whereas TMDS/Cu(OTf) 2 treatment greatly reduced the 103-ppm peak intensity, confirming acetals as major inter-unit linkages in pine sporopollenin.
As carbonyl and aromatic carbons have large chemical shift anisotropies, which spread their intensities over multiple side bands at high magnetic fields, we measured the 13 C spectrum of the untreated pine sporopollenin at 9.4 T and 13-kHz MAS to obtain more quantitative intensities for these carbons. The spectrum (Fig. 3b) shows two carboxyl signals at 173 and 168 ppm, six p-coumarate peaks between 160 and 110 ppm (Supplementary Table 2 ), a 103-ppm acetal peak, a strong 74-ppm peak of oxygen-bearing carbons, and three strong aliphatic peaks between 44 and 30 ppm, respectively. The carboxyl signals can be assigned to ester carbons in the major thioacidolytic degradation products I and II (a+b) , respectively (Fig. 1d) . Two partially resolved signals at 87 and 96 ppm are assigned to α -pyrones, which have been reported to be products of the conserved type III polyketide synthases involved in sporopollenin biosynthesis (for example, LAP5 and LAP6 in Arabidopsis) 20, 21 . To determine whether the 103-ppm, 87-ppm and 60-75 ppm 13 C peaks result from polysaccharides, we conducted a modified phenol-sulfuric acid reaction 22 and found the release of no polysaccharide degradation products (Supplementary Fig. 30 ). To verify the 13 C peak assignment, we conducted additional spectralediting experiments that selectively detect methyl and quaternary 13 C signals 23 or CH 2 signals ( Supplementary Fig. 31 ) 24 . The former confirmed the assignment of the 173-ppm, 168-ppm, 160-ppm and 126-ppm signals to quaternary carbons in p-coumarate and α -pyrone, whereas the latter showed that a significant fraction of the 75-26 ppm intensities and the 44-36 ppm intensities were from CH 2 groups. We deconvoluted the whole pine sporopollenin spectrum to determine the relative number of carbons for the different functional groups. Assuming the resolved 160-ppm peak to represent 2 carbons from 2 p-coumarates, we obtained 98 carbons per repeat unit, among which 18 carbons result from the 2 p-coumarate moieties, 5 are acetal carbons, 5 are ester and pyrone carbons, 26 are oxygen-bearing carbons and 42 are aliphatic carbons (Supplementary Tables 2 and 3 ). The remaining carbons for the 153-ppm and 53-ppm chemical shifts are unassigned.
To probe the structure of residue R after thioacidolysis, we measured the quantitative 13 C multi-cross-polarization SSNMR spectrum of R (Supplementary Fig. 29 ). The spectrum shows much Table 4 ).
These degradation product analyses and quantitative 13 C SSNMR spectra ( Supplementary Fig. 32 ) indicate an average pine sporopollenin structure that consists of two fatty acid-derived PVA-like units (r), each flanked at one end by an α -pyrone moiety and crosslinked at the other end through an ester group (Figs. 3c and 4) . The two PVA-like units are crosslinked by 7-O-p-coumaroylated C16 aliphatic units (i/ii) through a distinctive m-dioxane moiety (which is an acetal). A fraction (~15%) of these C16 aliphatic units (ii a/b ) are crosslinked only on one end, whereas the other end exists as a free hydroxy group. The PVA-like units are probably linked through ether bonds with glycerol-like moieties (G), and a small amount of naringenin (vi). The average structure is depicted with an approximate two-fold symmetry and a total of 200 carbons (Fig. 4) , but the true structure of natural sporopollenin polymer is probably heterogeneous and involves higher-dimensional interunit crosslinking.
Our study indicates that pine sporopollenin is crosslinked through two major types of linkage: ester and acetal. Whereas the ester is moderately stable under acidic conditions, acetals can withstand strong alkaline conditions 25 . The involvement of both linkages probably accounts for the superior chemical inertness of sporopollenin relative to other plant biopolymers that are crosslinked predominantly via only one type of linkage, for example, cutin (ester-linked), lignin (ether-linked), cellulose (glycosidic bond-linked) and synthetic polymers such as polyvinyl butyral (acetal-linked). The interweaving hydrophobic and hydrophilic elements stemming from various monomer units also contribute to the poor solubility of sporopollenin in most solvents. From an evolutionary perspective, the identification of p-coumarate and naringenin moieties as integral components of sporopollenin not only explains sporopollenin's essential function of protecting gametes against damaging ultraviolet light, but also suggests that phenylpropanoid and flavonoid metabolism might have first emerged as part of the evolutionary development towards constructing sporopollenin in early land plants 26 . In addition, the monomer composition and linkage heterogeneity in sporopollenin may render it resistant to enzymatic degradation by microbes and animals, which consequently contributed to the massive accumulation of plant spores from lycophytes during the Carboniferous period and the formation of maceral sporinite as a major component of many coals 27 . Although the current characterization of pine sporopollenin provides the first detailed molecular understanding of the enigmatic plant sporopollenin polymer structure, future interrogation of additional sporopollenin samples prepared from other C multi-cross-polarization spectra of untreated sporopollenin, residue (r) after thioacidolysis, residue after NaBH 4 treatment and residue after TMDS/Cu(OTf) 2 treatment. All spectra except for r were measured on an 800 MHz NMR spectrometer under 14 kHz MAS. n = 3 (biologically independent experiments). b, The multi-cross-polarization 13 C spectrum of untreated sporopollenin measured on the 400 MHz NMR under 13 kHz MAS. Spectral deconvolution yielded the relative number of carbons for each assigned peak. n = 3 (biologically independent experiments). N.A., not available. c, Average chemical structure of pine sporopollenin based on the quantitative 13 C NMR spectra.
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NaTURe PlaNTS lineages of land plants will probably reveal conserved and alternative structural features. Determining the chemical structure of sporopollenin paves the way towards understanding plant sporopollenin biosynthesis. For example, the identification of structural motifs i and ii corroborates that CYP703A2 and CYP704B1, two P450s required for pollen exine formation in Arabidopsis and possessing in vitro fatty acid in-chain and ω -hydroxylase activities respectively 28, 29 , are involved in installing key hydroxyl groups on C16 fatty acid precursors of i and ii. In particular, the chiral-specific configuration of the 7-substituted C16 aliphatic units further suggests that the in-chain hydroxylation reaction catalysed by CYP703A2 probably occurs on a bent C16 substrate with disparate functional groups at each end, presenting only one predominant conformation when entering the CYP703A2 active site. Moreover, the ester-linked p-coumarate moiety predicts the involvement of an hydroxycinnamoyl transferase yet to be identified. On the other hand, the PVA-like units (r) are most likely extended from fatty acid precursors through a type III polyketide biosynthetic mechanism unique to plants 30 . A number of sporopollenin biosynthetic enzymes, including an acyl-CoA ligase, ACOS5 31 , type III polyketide synthases LAP5 and LAP6 20 , and two NAD(P) H-dependent reductases, DRL1 and DRL2 21 , previously identified through genetic studies, probably catalyse sequential steps to produce PVA-like monomers of r. In terms of the crosslinking chemistry that yields the signature dioxane moiety in sporopollenin, we predict that the 7-substituted C16 aliphatic monomers were flanked by aldehyde on both ends or at one end before coupling with the 1,3-diol moieties of the PVA-like monomers. Indeed, these aldehydes have been identified as soluble metabolites in developing pine pollen grains, corroborating this prediction 32 . The production of these terminal aldehydes is probably catalysed by alcohol dehydrogenase from an alcohol precursor or by reductase from a carboxylic or CoA thioester precursor. From an application perspective, knowledge gained from this study on the detailed structure and the biosynthetic logic of natural sporopollenin polymer will also inspire new biomimetic polymer design.
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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